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An integration of sediment physical, chemical, biological, and toxicity data is necessary
for a meaningful interpretation of the complex sediment conditions in the marine environ-
ment. Assessment of benthic community is a vital component for that interpretation, yet
their evaluation is complex and requires a large expenditure of time and funds. Thus, there
is a need for new tools that are less expensive and more understandable for managers. This
paper presents a benthic biotope index to predict from physical and chemical variables the
occurrence of macrobenthic habitats. Parameters such as sediment type, organic matter,
depth, and hydrodynamic parameters were selected, through a discriminant analysis, to
compute the index. Other authors have used multivariate methods to determine the benthic
biotopes for Sado Estuary. The index proved to be a valid tool to classify and assess the
spatial patterns of benthic habitat and to synthesize stress biotope gradients.
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gradients1. Introduction
The study of benthic communities is a crucial component to monitor the environ-
mental health of estuaries. Macrobenthic fauna provide an ideal measure of the com-
munitys response to environmental disturbance and are an eﬀective indicator of the
extent and magnitude of pollution impacts in estuarine environments (Engle, Sum-
mers, & Gaston, 1994; Weisberg et al., 1997; Borja, Franco, & Pe´rez, 2000). Their
advantages as pollution indicators includes: (i) they provide direct measures of the
condition of the biota and may uncover problems undetected or underestimated
by other methods (Borja et al., 2000); (ii) their limited mobility prevents them from
escaping adverse conditions like hypoxia and accumulation of anthropogenic con-
taminants (Ranasinghe et al., 1994; Weisberg et al., 1997; Paul et al., 2001); (iii) they
integrate responses to exposure and respond to multiple stressors over relatively long
periods of time (Ranasinghe et al., 1994; Ranasinghe et al., 2002); and (iv) they have
a taxonomic diversity that can usually be classiﬁed into diﬀerent functional response
groups (Smith et al., 2001).
Benthic communities are often associated with natural habitat gradients such as
salinity and sediment type (Engle & Summers, 1998; Paul et al., 2001). Grain size
data may be used to determine the extent of recovery from sedimentary disturbance,
to evaluate the benthic habitats and the structure of benthic assemblages (Gibson,
Bowman, Gerritsen, & Snyder, 2000), and to assist in providing early warning of po-
tential impacts to the estuarine ecosystem (Gibson et al., 2000). The silt-clay content
of sediments (the fraction <63 lm) is an important factor determining the composi-
tion of the biological community at a site, and is therefore important in the assess-
ment of the benthic community (Strobel et al., 1995). Benthic habitat gradients can
also be distributed according to depth (Clarke, 1993). The fact that shallow assem-
blages are deﬁned by a combination of depth and sediment type is consistent with the
theory that the hydrodynamics energy proﬁle at the bottom is the controlling factor
(Gibson et al., 2000). The energy proﬁle of water ﬂow immediately above the sedi-
ment–water interface determines the size of particles in superﬁcial sediment, which
in turn aﬀects benthic properties. Depth aﬀects the energy proﬁle because the eﬀects
of wave energy on the bottom are usually greatest in shallow areas and decrease as
the distance between the surface and bottom increases (Bergen et al., 2001). Hydro-
dynamic events can also have a strong eﬀect on hypoxia variation in frequency and
severity. Hypoxia and organic enrichment bring signiﬁcant structural changes in
benthic communities and energy ﬂow processes (Pearson & Rosenberg, 1978; Diaz
& Rosenberg, 1995).
Many features can be used to describe an estuarine community and interpret
changes in relation to human impacts, environmental variability and biological pro-
cesses. McLusky and Elliott (2004) presents an overview of concepts and techniques
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istics of benthic assemblages expressed as indices have been used to measure ecolog-
ical status and trends of marine and estuarine environments for several decades. An
index based upon several structural properties of the benthic environment and/or
sediment type, can summarize the benthic data and characterize estuarine biological
condition.
Benthic indices generally fall into three types based upon complexity and informa-
tion content: (i) single community attribute measures or individual-species data com-
binations, including species diversity or abundance/biomass ratios, are used to
summarize data beyond the level of individual species; (ii)multi-metric index approach
are used to combine multiple measures of community response into a single index to
more eﬀectively capture the diﬀerent types of response that occur at diﬀerent levels of
stress; (iii) multivariate methods that integrate species composition information are
used to describe the assemblage patterns in a comparative multivariate space, based
upon scoring of a pollution tolerance (Smith et al., 2001). A fourth type can also be
considered when the index is calculated based only on the sediment habitat type, using
a combination of physical and chemical data. This last type of index is distinguished
from the others since it identiﬁes habitat classes instead of community conditions.
The use of a single indicator has not proven to be ideal for monitoring estuarine
environments, which has highly variable natural conditions (Engle et al., 1994). Mul-
tivariate approaches can provide higher sensitivity in characterizing benthic patterns
(Warwick & Clarke, 1991; Clarke, 1993) but their assessment and output are usually
too complex to present in an easy to understand manner for managers (Clarke, 1993;
Smith et al., 2001). On the contrary, indices allow one to integrate and simplify a mass
of heterogeneous data, leading to better communication between scientists and non-
specialists and easier interpretation whereby quality and management goals can be set
(Wilson & Jeﬀrey, 1994; Alden, Dauer, Ranasinghe, Scott, & Llanso´, 2002). These
qualities compensate for any sacriﬁce of scientiﬁc data (Wilson & Jeﬀrey, 1994).
Table 1 presents a chronological list of benthic indices applied to estuarine ecosys-
tems including data source and type. Only a few of the diversity indices are listed.
They have not been considered appropriate in estuarine situations because of the
low number of species that are naturally found in estuaries, and the response of this
index, which to any environmental stress mimics the response to pollution (Wilson &
Jeﬀrey, 1994).
The indices listed in Table 1 are applicable across habitat boundaries and have
been developed for estuaries and coastal areas in several geographic sites around
the world. Nevertheless it should be kept in mind that each of these speciﬁc indices
is only appropriately applied to conditions similar to those that were used to develop
the index. Most of these indices aim to identify degraded benthic invertebrate assem-
blages that are indicative of low dissolved oxygen concentrations in bottom water or
high concentrations of chemical contaminants in sediment, which both have com-
mon pollution eﬀects in estuaries (Ranasinghe et al., 2002). Some of the most recent
indices have been veriﬁed and compared with each other through multivariate statis-
tical analyses (e.g. Alden et al., 2002; Ranasinghe et al., 2002). Most of these indices
require large databases and a non-biological classiﬁcation of ‘‘good’’ reference sta-
Table 1
Literature review of macrozoobenthic indices applied to estuarine ecosystems
Author Year Index name Data source Type of index
Gleason (1922) 1922  Gleason
Diversity Index
(G)
Benthic metrics Single community
Shannon and Weaver
(1949)
1949  Shannon–
Wiener
Diversity Index
(H)
Benthic metrics Single community
Leppakowski (1975) 1975  Benthic
Pollution Index
(BPI)
Benthic metrics Single community
Word (1978, 1979) ﬁde
Bascom (1982)
1978  Infauna
Trophic Index
(ITI)
Benthic metrics Multi-metric
Bellan (1980), Bellan
et al. (1988)
1980  Annelid Index
of Pollution
(AIP)
Benthic metrics Single community
Satsmadjis (1982) ﬁde
Satsmadjis (1985)
1982  Pollution
Coeﬃcient (P)
Benthic metrics
and physical
parameters
Multi-metric
Jeﬀrey et al. (1985) 1985  Biological
Quality Index
(BQI)
Benthic metrics Multi-metric
Rhoads and Germano
(1986), Diaz et al.
(2003)
1986  Organism-
sediment index
(OSI)
Sediment proﬁle
images
Sediment habitat
Chapman et al. (1987) 1987  Summary
index for
benthic infauna
Ratio-to-
Reference of
Sediment
Quality Triad
(RTR)
Benthic metrics Multi-metric
Majeed (1987) 1987  Biotic Indices Benthic metrics Multi-metric
Grall and Gle´marec
(1997)
(BI)
McManus and Pauly
(1990)
1990  Shannon–
Weiner evenness
proportion
Index (SEP)
Benthic metrics Single community
McManus and Pauly
(1990)
1990  DAP index Benthic metrics Single community
Weisberg et al. (1993),
Schimmel et al. (1994),
Strobel et al. (1995)
1993  Benthic index
of estuarine
conditions
Benthic metrics Multi-metric
Paul et al. (1999), Paul
et al. (2001)
(BIEC)
(continued on next page)
S. Caeiro et al. / Marine Environmental Research 60 (2005) 570–593 573
Table 1 (continued)
Author Year Index name Data source Type of index
Engle et al. (1994) 1994  Benthic Benthic metrics Multi-metric
Engle and Summers
(1999)
condition
Index (BCI)
Ranasinghe et al. (1994),
Weisberg et al. (1997),
Van Dolah et al. (1999),
Alden et al. (2002)
1994  Benthic Index
of biotic integrity
(B-IBI).
Benthic metrics Multi-metric
Warwick and
Clarke (1995)
1995  Taxonomic
diversity
index (D)
Benthic metrics Single
community
 Taxonomic
distinctness (D*)
Fairey et al. (1996) ﬁde
Anderson et al. (1998)
1996  Relative benthic
index (RBI)
Benthic metrics Multi-metric
Nilsson and
Rosenberg (1997)
1997  Benthic habitat
quality Index
(BHQ)
Sediment proﬁle
images
Sediment
habitat
DelValls et al. (1998) 1998  Summary index
for benthic infauna
new Maximum
Ratio-to-Reference of
Sediment Quality
Triad (RTM)
Benthic metrics Multi-metric
Roberts et al. (1998) 1998  Macrofauna
Monitoring Index
Benthic metrics Multi-metric
Borja et al. (2000),
Borja et al. (2003)
2000  Marine Biotic
Index (BI)
Benthic metrics Multi-metric
Ferreira (2000) 2000  Equation index –
Sediment quality
Benthic metrics,
pollutants,
bioacumulation
Multi-metric
Eaton (2001) 2001  Biocrioteria for
estuarine
shallow water
Benthic metrics Multi-metric
Smith et al. (2001) 2001  Benthic Response
Index (BRI)
Benthic metrics Multivariate
methods
Degraer et al. (2002) 2002  Habitat model Physical and
chemical
parameters
Sediment
habitat
Schmidt et al. (2002) 2002  Modiﬁed
Ecotoxicological
Rating (METR)
Physical, chemical
and toxicological
parameters
Sediment
habitat and
single
community
574 S. Caeiro et al. / Marine Environmental Research 60 (2005) 570–593tions (e.g. Engle & Summers, 1999; Paul et al., 2001; Alden et al., 2002), which some-
times are diﬃcult to identify and vary for unknown reasons often unrelated to con-
tamination (Anderson et al., 1998).
Since the collection of data to retrieve a detailed bathymetric-sedimentological
map of an area is less time-consuming than data collection for a detailed macroben-
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coverage view of the spatial distribution of the macrobenthic potential should be
used (Degraer et al., 2002). The indices OSI, BHQ and Habitat (Table 1) are good
examples of how benthic habitat quality can be assessed using only sedimentological
data. The index METR adds toxicity data to the sedimentological data. These kinds
of indices, although promising to assess benthic systems viability or health (Diaz,
Cutter, & Dauer, 2003), are still underexplored and poorly understood.
The aim of this work is to develop an index of benthic biotopes for classifying
habitats, which is based on physical and chemical variables that are strongly related
to community patterns. By benthic biotopes we mean a classiﬁcation of habitats ini-
tially derived from benthic composition and structure. The benthic data used in this
paper was analyzed previously by Rodrigues (1992). First, the benthic index is devel-
oped using discriminant analysis which is introduced below. After validation using
Rodrigues data, the benthic habitats are predicted at new locations where physical
and chemical variables were recently measured. Then, the benthic index is integrated
with contaminants and toxicity indices for overall sediment quality assessment and
will become part of a management and data system for Sado Estuary. The manage-
ment units were delineated based on sediment parameters like ﬁne fraction contents
(FF), total organic matter (TOM) and redox potential in a previous study (Caeiro,
Goovaerts, Painho, & Costa, 2003a).2. Methods
2.1. Study area
The Sado Estuary is the second largest in Portugal with an area of approximately
24,000 ha. It is located on the west coast of Portugal. Most of the estuary is classiﬁed
as a natural reserve, but with many industries and harbour-associated activities
mainly on the northern margin of the estuary (Caeiro, Costa, Paı´nho, & Ramos,
2002). The Sado Estuary is characterized by a North Channel with weaker residual
current ﬂow, which enhances accumulation of sediment. As a result, locally intro-
duced pollutants settle out rather than are transported away. The southern channel,
separated from the North Channel by sandbanks, is highly dynamic and tides are
primarily responsible for water circulation. Geometric characteristics distinguish
the outer estuary (our study area) from the inner estuary, corresponding to a narrow
channel (Alca´cer channel). The inner part of the outer estuary, (entrances of A´guas
de Moura and Alca´cer Channels), is quite shallow with tidal ﬂats (Rodrigues &
Quintino, 2002).
2.2. Benthic biotopes of Sado Estuary
A benthic survey was undertaken in the outer estuary in 1986, where superﬁcial
sediments and macrofauna were sampled at 131 locations (Rodrigues, 1992) (Fig.
1). This study allowed the identiﬁcation of benthic biotopes obtained through
Fig. 1. Location map of 131 sampling locations and benthic communities in Sado Estuary. Data from
Rodrigues (1992). Coastal line from Caeiro et al. (2003b).
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between those biotopes and the prevailing hydrophysical and sedimentary conditions
in the outer estuary, ordination analyses (canonical correspondence and simple cor-
respondence) were performed on the following physical and chemical parameters:
ﬁne fraction (FF), sand, gravel, total organic matter (TOM), depth, shear stress,
velocity, temperature and ﬂow. The ordination analyses suggested a very good agree-
ment between the conclusions drawn from the analysis of the biological data alone
and those from the imposed variability of the measured physical and chemical vari-
ables (Rodrigues, 1992) (Table 2).
The benthic biotopes assessed in Rodrigues study were (Table 2 and Fig. 1):
Marine type (A1) – 13 stations – This community corresponds to the clean coarse
sands of the mouth of the estuary and southern channel with high currents and large
depth.
Marine impoverished (A2) – 8 stations – This community is located in the upper
region of the estuary, spread over 6 small areas. This community has lower values
of species richness (s), biomass (b), abundance (a) and species diversity (H 0), rela-
tively to the marine type, and the lowest value of b among all biotopes. When com-
pared with the marine type community these stations display an increase in silt and
total organic matter and the most characteristic species disappear.
Transition region (B1) – 31 stations – This community is located in a large area
inside the estuary after the entrance, more through the southern than the northern
S. Caeiro et al. / Marine Environmental Research 60 (2005) 570–593 577channel. It is characterized by species of both the marine and the estuarine type com-
munities, together with an important proportion of species only present in this re-
gion. This community has the highest mean species richness and H 0, one of the
highest b and a and the lowest proportion of species sampled only once in each aﬃn-
ity group, compared with the whole estuary. The stations belonging to this commu-
nity type have higher mean silt and total organic matter content, and lower velocity
and ﬂow relatively to the marine type community.
Estuarine type (B2a) – 43 stations – This community type comprises the majority
of the southern channel and the upper part of the estuary. The mean s, a, b and H 0
were all below those observed in the transition region, yet most means exceed those
obtained in the marine type community.
Estuarine enriched (I) – 19 location – This community is located in the northern
channel, mainly in a large area that borders the northern margin of the intertidal
sandbanks. The average silt, sand, gravel and total organic matter content of this re-
gion clearly indicate an increase in ﬁne, organic sediments, and a decrease in ﬂow,
velocity and shear stress in comparison to the estuarine type area. This region also
shows higher values of s, a b and H 0, relatively to the estuarine type, and the highest
proportion of species with sampling frequency higher than 50%.
Estuarine impoverished (II) – 13 stations – This community is located near the
northern margin, in the vicinity of the industrial complex and the urban sewage out-
fall, spread over 5 elongated areas. This region is characterized by organic and silt
enrichment and a low hydrodynamics and depth relatively to the previously de-
scribed regions. The stations that comprise this region have the lowest a and b within
the estuarine community.
Estuarine highly disturbed (B2b) – 4 stations – This community includes the most
disturbed areas of the estuarine community. These stations are mainly located in
three small areas in the vicinity of the Setu´bal city sewage outfall and pulp mill out-
fall. This community is characterized by the lowest mean species richness and diver-
sity of the whole estuary, yet it has the highest mean abundance per site. The mean
silt, sand, gravel and total organic content of these areas indicate a strong organic
enrichment, combined with the lowest hydrodynamics and depth.
Other studies recently conducted in the estuary (in 1999 Carvalho, Ravara, Quin-
tino, & Rodrigues, 2001 and in 1997 Rodrigues & Quintino, 2002) showed that over-
all, the biological succession did not undergo any signiﬁcant changes, especially as
far as the most characteristic species are concerned. However, according to those
studies, recent dredging (1995) caused water circulation changes and decreases in
the mean levels of the ﬁne fraction and organic matter in the sediment at the transi-
tion assemblages.
2.3. Index development
Owing to the strong relation found between the benthic communities and the
physical and chemical parameters described above, a forward stepwise discriminant
analyses (SDA) was applied to the standardized dataset of 131 stations. Discriminant
analysis approaches have been largely used to combine benthic community metrics
Table 2
Summary statistics of the physical, chemical and biological variables in each biotope type for Sado Estuary (data from Rodrigues, 1992)
Physical and chemical variables Biological variables
Fine
fraction
(%)
Sand
(%)
Gravel
(%)
Total
organic
matter
(%)
Shear stress
(% of the
maximum
value)
Flow
(m2 s1)
Velocity
(m s1)
Depth
(m)
Species
richness (s)
(sp. 0.1 m2)
Mean
biomass per
site (b)
(g. 0.1 m2)
Mean
abundance
per site (a)
(ind. 0.1 m2)
Species
diversity
(H 0)
A1 Marine type
Mean 2.1 89.8 8.0 0.5 100 7.9 0.4 13.4 32 5.7 218 5.2
Standard deviation 1.5 11.5 10.5 0.1 37 5.2 0.2 9.1
A2 Marine impoverished
Mean 13.9 85.7 0.4 2.4 50 2.7 0.3 5.9 17 3.1 133 3.2
Standard deviation 33.2 33.0 0.5 4.7 32 2.7 0.1 5.2
B1 Transition region
Mean 15.8 80.0 4.2 2.2 51 3.3 0.3 10.9 64 36.5 897 5.8
Standard deviation 15.4 16.3 7.8 1.6 29 2.7 0.1 9.0
B2a Estuarine type
Mean 24.7 73.5 1.9 2.5 62 2.5 0.3 6.6 34 17.7 402 4.3
Standard deviation 18.0 17.2 2.6 1.9 26 1.5 0.1 3.4
I Estuarine enrichment
Mean 41.2 57.4 1.4 5.1 34 1.9 0.2 6.3 49 36.8 728 4.7
Standard deviation 17.1 16.0 3.5 2.1 15 1.0 0.1 3.3
II Estuarine impoverished
Mean 72.6 27.1 0.4 7.6 25 1.2 0.2 5.7 18 6.4 105 4.6
Standard deviation 22.0 21.2 0.8 3.4 19 0.8 0.1 2.1
B2b Estuarine highly disturbed
Mean 75.1 23.6 1.3 9.8 10 0.4 0.1 4.3 12 19.6 4002 0.3
Standard deviation 27.9 25.6 2.5 2.3 15 0.6 0.1 0.6
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S. Caeiro et al. / Marine Environmental Research 60 (2005) 570–593 579into a benthic index (e.g. Engle et al., 1994; Strobel et al., 1995; Engle & Summers,
1999; Paul et al., 2001) and less frequently used to combine physical and chemical
parameters. This analysis was conducted in order to select a subset of the candidate
physical and chemical parameters that best discriminate between the seven benthic
biotopes and to determine which linear combination of these variables showed the
most substantial diﬀerence among those biotopes.
The SDA was computed for n variables with n steps, selecting variables with a F
value larger than 1 for entering the analysis, and using a tolerance value (variables
redundancy) higher than 0.01 for each variable.
Temperature was not used in the SDA since it is the environmental parameter
with the smallest discriminant power according to the ordination analysis and it
exhibits low variability among community types. In general, the other parameters
have averaged values that diﬀer between communities and display a clear gradient
from marine type to estuarine high disturbed communities (Table 2). Pearson corre-
lations were calculated for the dataset to determine the presence of any redundancy
among variables (Engle & Summers, 1999). The variables were standardized (centred
and scaled) for the analysis, thus treating them with equal importance.
There was no need to adjust for the eﬀect of salinity, as was done in other studies
(Engle et al., 1994; Paul et al., 2001), since salinity varies only between 29& and 37&
in the study area (Rodrigues, 1992).
In order to validate the discriminant function using a jackknife approach, the en-
tire data set was divided into a prediction (70% of data) and a validation sub-set
according to a proportionately stratiﬁed sampling procedure (e.g. Hair, Anderson,
& Tatham, 1992). Other proportions for the two subsets were investigated to deter-
mine the impact of sampling density on the results.
In order for the predictive accuracy of the discriminant function to be acceptable,
it must exceed the percentage of validation data that could be classiﬁed correctly by
chance. This percentage is calculated using the proportional chance criterion (Hair
et al., 1992) as:
Cpro ¼
Xz
i¼1
P 2i ; ð1Þ
where Cpro is the proportional chance criterion; i, the index for the z communities
(1 to z); Pi, the proportion of individuals in community i.
The maximum chance criterion (Cmax) was also computed from the percentage of
the total sample represented by the largest community group (Hair et al., 1992).
New observations are allocated to the community with the highest standardized
total discriminant score from the SDA classiﬁcation functions, with a posterior
probability of the predictive choice:
Sz ¼
Xn
j¼1
W zj  V j
 !
þ Cz; ð2Þ
where Sz is the classiﬁcation score for community z; Vj, the observed value for the
variable j (1 to n); Wzj, the weight for the variable j in community z; Cz, the constant
for the community z.
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probabilities of occurrence for each observation. The index values range from 1 to
z on a continuous scale and are computed as follows:
BIbio ¼
Xz
j¼1
Zi  probi; ð3Þ
where Probi is the posterior probabilities of occurrence of the corresponding commu-
nity i; Zi, the number of the community i, from 1 to z.
The communities were numbered from 1 to z in accordance to an increase gradi-
ent of organic load (from marine type to estuarine high disturbed communities)
according to Pearson and Rosenberg (1978) paradigm.
The BIbio index was used for prediction of the benthic biotopes at 77 stations sam-
pled in the outer Sado Estuary between October 2000 and January 2001, where phys-
ical and chemical parameters were measured. The sampling design was chosen to
assess the sediment quality of management units previously delineated (Caeiro et al.,
2004). Total organic matter (loss on ignition), ﬁne fraction (<63 lm) (hydraulic
separation), (Caeiro et al., 2003a), sand (63–2000 lm) and gravel (>2000 lm) (dry
sieving) were determined for each location. The values of the hydrodynamic vari-
ables for these same locations were predicted using an updated hydrodynamic model
previously elaborated for the outer estuary (Martins, Leita˜o, Silva, & Neves, 2001)
and used in Rodrigues study. These values are derived through integration of the
transient model results computed over a simulated fortnight time period (330 h)
using a time step of 5 min. Depth, water ﬂow and velocity values were calculated
using the arithmetic mean of instantaneous values for that site during the simulated
running period. The maximum value observed during the simulated running time
period was used for shear stress values at each location.
Statistical analyses (i.e. computation of Eq. (2) and Probi in Eq. (3)) were con-
ducted using Statistica 6.0 software. To visualize the index results within coastal
area of Sado Estuary and management units, ArcGIS 8.0 GIS software was used.
Geostatistical Analyst ArcGiS extension was used to perform kriging interpola-
tions of the results. The median values of the stations were calculated for BIbio index
visualization in each management unit.3. Results and discussion
3.1. Index calculation and validation
Discriminant analysis if typically an iterative procedure. SDA suggests variables
that best discriminate between groups of observations (here benthic communities).
First SDA selects the variables that enter the model and only then the classiﬁcation
functions for each community are computed and used directly to classify stations.
Given the Mahalanobis distances of a station to the diﬀerent community centroids,
the posterior classiﬁcation probabilities are derived for each group.
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were not included in the model (see Table 3). Sand percentages are strongly nega-
tively correlated with ﬁne fraction (0.98, Table 4), which was selected in the ﬁrst
step of the procedure, so percentage sand is redundant for the analysis. The strong
association between size of silt/clay fraction and benthic community is well known
and established (e.g. Engle & Summers, 1998; McRae, Camp, Lyons, & Dix, 1998;
Borja et al., 2000). Gravel percentages are not only correlated with FF but also have
large relative standard deviations in each biotope type (see Table 2). For these rea-
sons sand and gravel variables were not used as input variables in later models.
Model I has a total percentage of correct classiﬁcation (hit ratio) of 58% in the
prediction sub-set and 53% in the validation sub-set. According to the maximum
chance criterion (Cmax) the highest probability of correct classiﬁcation by chance
would be 34% and according to the proportional chance criterion (Cpro – Eq. (1))
this percentage would be 21%. Since Cmax is greater than Cpro, the maximum chance
criterion is the one to outperform. The hit ratio for the validation set exceeds Cmax
criterion, so the discriminant model was considered valid. However, the percentage
of correct classiﬁcation in the predictive and validation sub-sets was 0% for commu-
nity A2 (Table 3). This community was only found at 8 stations in the total data set,
and the physical and chemical parameters of this communitys small areas have a lar-
ger variance and are far from the gradient of organic load enrichment found from
marine type to estuarine disturbed communities (Table 2). In addition, the commu-
nity B2b although with a hit ratio of 33%, does not have any correctly classiﬁed sta-
tion in the validation sub-set (Table 3). This community looks reasonably well
deﬁned by the physical and chemical parameters (Table 2), but it was only found
in 4 stations (Fig. 1) which makes prediction unreliable. A 50/50 proportion for
the prediction and validation sub-sets was also investigated and it led to a similar
misclassiﬁcation of all data belonging to A2 and B2b. Even when using the whole
dataset (131 sampling points) the misclassiﬁcation rate for A2 was 100%, although
it was zero for B2b. For these reasons the communities A2 and B2b were not included
in later models. Using fewer communities in the SDA will lead to a loss of informa-
tion by the index but a gain in its prediction accuracy over a widespread area (De-
graer et al., 2002).
Model II was computed without A2 and B2b communities and the sand and gravel
variable. The total hit ratio improved not only in the predictive (63.9%) but also in
the validation datasets (63.9%) (Table 3). These values exceed Cmax and Cprop (36%
and 25%, respectively for 5 groups).
In both Models I and II, TOM and depth contribute little to the discriminatory
power of the model (see Table 3, p values higher than 0.05) and were the last vari-
ables to enter the model. TOM is strongly correlated with ﬁne fraction (0.90) and
signiﬁcantly correlated with all other variables. Depth, although signiﬁcantly corre-
lated with most of the variables, had lower correlation values (Table 4).
Sand, gravel and TOM were not included in Model III. The hit ratio of the pre-
diction sub-set (60.2) is slightly less than Model II, but higher than for Model I. Nev-
ertheless the percentage of correct classiﬁcation in the validation sub-set equals the
one obtained for Model II (63.9%) (Table 3).
Table 3
Results of the forward stepwise discriminant analyses conducted for combining the physical and chemical variables into the BIbio
Variables included in the analysis Wilks Lambda F P Communities correct classiﬁcations (%)
A1 B1 I II B2b A2 B2a Total
Model I 0.202 4.261 <0.000 Prediction dataset (validation dataset)
FF 0.256 3.476 0.004
Flow 0.263 3.954 0.002
Shear stress 0.258 3.606 0.003 66.7 45.5 46.2 77.8 33.3 0 76.7 58.24
Velocity 0.252 3.241 0.007 (75.0) (22.2) (0) (100) (0) (0) (92.3) (52.5)
Depth 0.220 1.125 0.356
TOM 0.218 1.019 0.419
Model II 0.217 5.860 <0.000 Prediction dataset (validation dataset)
FF 0.257 3.343 0.014
Flow 0.283 5.537 0.0006
Shear stress 0.284 5.606 0.0005 66.7 50.0 46.2 77.8 – – 76.7 63.9
Velocity 0.274 4.790 0.0017 (75.0) (33.3) (50) (75) (84.6) (63.9)
Depth 0.233 1.280 0.286
TOM 0.232 1.267 0.291
Model III 0.232 6.817 <0.000 Prediction dataset (validation dataset)
FF 0.366 10.678 0.0000
Flow 0.305 5.846 0.0004 66.7 54.5 30.8 77.8 – – 70.0 60.2
Shear stress 0.303 5.666 0.0005 (75.0) (44.4) (33.3) (100.0) (76.9) (63.9)
Velocity 0.295 4.981 0.0013
Depth 0.247 1.211 0.3131
The Wilks Lambda (0 perfect discrimination to 1 no discrimination), F statistics and their p values are given ﬁrst for the overall model, then after elimination
of the communities and/or sediment variable. The percentages of locations, which were correctly classiﬁed in the predictive and validation sub-sets, are also
listed. FF – ﬁne fraction; TOM – total organic matter.
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Table 4
Pearson correlations coeﬃcients for the physical and chemical variables
Fine
fraction
Sand Gravel Total
organic
matter
Shear
stress
Flow Velocity Depth
Fine fraction 1.00 0.98* 0.32* 0.90 0.50* 0.41* 0.44* 0.32*
Sand 0.98* 1.00 0.10 0.88 0.50* 0.38* 0.46* 0.23*
Gravel 0.32* 0.10 1.00 0.31 0.11 0.25* 0.03 0.46*
Total organic matter 0.90* 0.88* 0.31* 1.00 0.53* 0.41* 0.49* 0.31*
Shear stress 0.50* 0.50* 0.11 0.53 1.00 0.61* 0.94* 0.17
Flow 0.41* 0.38* 0.25* 0.41 0.61* 1.00 0.69* 0.60*
Velocity 0.44* 0.46* 0.03 0.49 0.94* 0.69* 1.00 0.22*
Depth 0.32* 0.23* 0.46* 0.31 0.17 0.60* 0.22* 1.00
Signiﬁcant correlations (p < 0.05) marked with *.
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hit ratio of Model II is 64.5% for the prediction sub-set and 58% for the validation
sub-set (compared to 58.8% and 50.7%, respectively, in Model I). Discarding sand,
gravel and TOM (Model III) leads to a decrease in the hit ratio for both the predic-
tion and the validation subsets (56.5% and 61.4%).
Model II results are in agreement with natural conditions and other studies. Asso-
ciations between organic matter and benthic communities are largely reported (e.g.
Bakri & Kittaneh, 1998; McRae et al., 1998). Snelgrove and Butman (1994) sug-
gested that the amount of hydrodynamic energy and available organic material
are more likely to be the primary driving forces, with depth and sediment grain size
as secondary correlates. Rees, Pendle, Waldock, Limpenny, and Boyd (1999) also
found that tidal current velocity, depth and sediment type help to explain the distri-
bution of benthic assemblages. Although the hydrodynamic energy is diﬃcult to
measure in the ﬁeld, the use of 3D hydrodynamic simulation models allows the pre-
diction of these parameters at any instant or averaged over any period of time (Mar-
tins et al., 2001).
In summary, Model II provides the best predictions since fewer variables are dis-
carded (2 instead of 3 for model III) and 2 groups with poor classiﬁcation scores are
removed. To test this model the samples belonging to groups A2 and B2b (which were
eliminated from the validation dataset) were used as validation sets. The locations
belonging to community A2 were classiﬁed into four diﬀerent types of community
(A1 – 12.5%; B1 – 25%; B2a – 50%, II – 12.5%). The high variance of the physical
and chemical parameters measured at these stations explains the fuzziness of the
classiﬁcation. Half of the locations belonging to community B2b, were allocated to
community I while the other half was classiﬁed into community II. Those communi-
ties are the ones nearest to community B2b.
3.2. Prediction of benthic biotopes
BIbio index was computed at the 77 sampling points using the classiﬁcation func-
tions (Eq. (2)) of Model II (Table 5). These new locations were allocated to the
584 S. Caeiro et al. / Marine Environmental Research 60 (2005) 570–593community with the highest posterior classiﬁcation score probability (probi). Using
Eq. (3) the benthic index was calculated and then the following classiﬁcation was
used: Marine (BIbio = 1–1.4); Transition (BIbio = 1.5–2.4); Estuarine (BIbio = 2.5–
3.4); Estuarine enriched (BIbio = 3.5–4.4); Estuarine impoverished (BIbio = 4.5–5).
Results by station and by management unit are displayed in Fig. 2.
FF was the ﬁrst variable selected in the model because of its signiﬁcant correlation
with the benthic index (r2 = 0.66). As stressed earlier, sediment grain size is an impor-
tant factor determining benthic composition. Since a more densely sampled dataset is
available for the same study area and period of time (153 sampling points Caeiro
et al., 2003a), BIbio was interpolated using co-kriging, with FF as secondary variable.
This interpolation method estimates the benthic index at an unmonitored location
using a linear combination of neighboring index and FF values. The weights are such
that the variance of the estimation error is minimum under the constraint of unbi-
asedness of the estimation (Goovaerts, 1997). Co-kriging usually improves the pre-
diction when secondary and well correlated information is available, and it
explicitly accounts for the spatial cross correlation between primary and secondary
variables. For BIbio and FF semivariogram models were ﬁtted visually using a linear
model of coregionalization (Goovaerts, 1997). A geometric anisotropy model al-
lowed one to capture the longer range in the direction of azimuth 120 that corre-
sponds to the water ﬂow (see Table 6 semivariogram model parameters).
The spatial pattern of the BIbio is similar to the spatial distribution of benthic
communities found by Rodrigues and Quintino (1993) (Figs. 1 and 3) although some
diﬀerences are expected due to changes in the sediment characteristics (see FF spatial
distribution in Fig. 4). The marine community characterized by clean sand sediments
is found at the entrance of the estuary, but in comparison to the 1986 campaign, this
community moved to the entrance of the North Channel replacing former transition
communities. These changes were already noticed in a 1997 study conducted along
the Entrance Channel and the Northern Channel (Rodrigues & Quintino, 2002).
These authors stress that these changes are related to dredging and the resulting de-
crease in organic load. According to them this induces biodiversity loss, associated
with inward spread of the open sea marine assemblage, which is less rich and abun-Table 5
Classiﬁcation functions (Wj) for each community z of Model II for BIbio calculation
Variable (j) Marine type
(A1)
Transition
region (B1)
Estuarine
type (B2a)
Estuarine
impoverished (I)
Estuarine
enriched (II)
FF 1.68786 1.62273 0.74695 0.32941 3.22446
Flow 3.42315 0.15635 0.55361 0.28041 0.34494
Shear stress 6.52528 0.54224 0.19505 1.56882 1.21969
Velocity 6.15078 0.60679 0.63274 0.97355 0.38343
Depth 0.58882 0.56611 0.09986 0.09487 0.02608
TOM 0.13869 0.46169 1.08579 0.94509 0.26584
Constant (Cz) 6.87994 1.81065 1.20610 2.24548 5.26877
FF – ﬁne fraction; TOM – total organic matter.
Fig. 2. Maps of the index BIbio computed at sampled locations and averaged within management units in
the Sado Estuary.
S. Caeiro et al. / Marine Environmental Research 60 (2005) 570–593 585dant, and typical of coarser clean sands. The lower river ﬂux entering into the estu-
ary during the last decades can also explain these benthic changes.
The transition region follows the marine type community, spreading over a large
area more through the Southern Channel (Fig. 3). In comparison with the earlier
spatial distribution of benthic assemblages (Rodrigues & Quintino, 1993) the transi-
tion regions seem to have spread to inner parts of the estuary, replacing a former
small area of marine community existent near the sandbank (Fig. 1). In agreement
with benthic sampling studies undertaken in the Southern Channel in 1999 (Carv-
alho et al., 2001), changes involve an increase in abundance and species richness,
associated to organically enriched areas. This enrichment is also illustrated by the
presence of larger areas of estuarine enriched and impoverished communities near
Eurominas industry, replacing the estuarine type community (Figs. 1 and 3).
The estuarine enriched and impoverished communities associated with higher or-
ganic load are located near the urban area of the city of Setu´bal, and in small areas
along the north margin, near industrial wastewater discharges. At the entrances of
A´guas de Moura and Alca´cer Channels two sampling points have high values of
the Benthic Index (Fig. 2). These locations have low hydrodynamics and low depths,
which yield high organic loads (Fig. 4), but may also be subjected to non-point pol-
lution runoﬀ and deposition. These non-point sources could be due to aquaculture
and rice ﬁeld activities upstream of those channels. Most contaminants entering
586 S. Caeiro et al. / Marine Environmental Research 60 (2005) 570–593estuarine bodies of water become particle-bound (Alden, Weisberg, Ranasinghe,
& Dauer, 1997) and are eventually concentrated in ﬁne-grained sediments where
most low-dissolved oxygen events occur (Diaz & Rosenberg, 1995).
The distribution of communities predicted in 2000 and 2001 is similar to the ones
found in 1986 (Fig. 5). There was however a decrease in the proportion of commu-
nities belonging to the transition region (species richness peak) balanced by a gain in
the estuarine communities, resulting in a loss of biodiversity, as already stressed by
Rodrigues and Quintino (2002).
The benthic biotopes gradient used in the BIbio index has been delineated for the
Sado Estuary by other authors, based on multivariate ordination analyses and rela-
tionships with physical and chemical data (Rodrigues & Quintino, 2002). These mul-
tivariate methods were found to be powerful tools for assessing perturbations to
benthic infauna assemblages (Smith et al., 2001). Those gradients corroborate Pear-
son and Rosenbergs (1978) results; they suggested that benthic respond sequentially
to diﬀerent levels of stress with species replacement occurring at the lowest level,
while loss in diversity, abundance, and biomass occurs at increasingly higher levels
of stress. These gradients were also successfully incorporated in other benthic indices
to allow the evaluation of their sensitivity to an increasing stress gradient (e.g. Maj-
eed, 1987; Grall & Gle´marec, 1997; Weisberg et al., 1997; Borja et al., 2000). Other
studies developed a model that predicts solids accumulation on the seabed and asso-
ciated changes in the benthic faunal community, using the infauna trophic index.
From quantitative relationships between benthic community descriptors and solids
accumulation (including hydrodynamics and depth), the level of benthic community
impact in marine cage farms was predicted (Cromey, Nickell, & Black, 2002). De-
graer et al. (2002) demonstrated that knowledge of the physical and chemical envi-
ronments help predicting the occurrence of the macrobenthos.
Nevertheless, further testing and reﬁnement of this Index should be conducted to
allow a correct prediction of all type of communities found in the studied estuary and
new data should be collected to validate this model. This index should also be tested
in other estuarine ecosystems.
No single method is likely to produce stress classiﬁcation with an acceptable rate
of errors. Ecological stress, from any source, is best measured by multiple methods
or analysis under diﬀerent assumptions. The consistency of classiﬁcation obtained
using diﬀerent approaches would provide the robustness necessary to judge the
reliability of a stress classiﬁcation (Dauer, 1993). Combining the index with otherTable 6
Semivariogram models for the co-kriging calculation, according to method properties in Geostatistical
Analyst
Variable Nugget Model Partial sill Major range Minor range
Fine fraction 0.2 Spherical 0.7 1850 1334
Benthic index 0.4 Spherical 1.45 1850 1334
Angular tolerance of 23 and lag distance of 450 m were used for the computation of experimental
semivariograms.
Fig. 3. Spatial distribution of the BIbio in Sado Estuary.
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toxicity, can reduce misinterpretation of the data and provide a powerful weight-
of-evidence approach to assessing the overall condition of a site, estuary or region
(Van Dolah, Hyland, Holland, Rosen, & Snoots, 1999).
The results of the index will be combined with contaminant and toxicity data rep-
resentative of each management unit according to a Triad approach (Chapman,
1996). The sediment quality assessment of the management units will evaluate the
State and Impact of the estuary according to the Driving Forces–Pressures–State-
Impact-Responses (DPSIR) indicators framework for data syntheses andmanagement
(Caeiro et al., 2002). This framework is used to link social and economic pressures
with environmental quality, making it possible to formulate societal Responses that
result in the formulation of an environmental policy.4. Conclusions
Over the past two decades, indices of biological conditions have been adopted as
tools for comprehensive monitoring of ambient water quality, and increasingly they
are being incorporated into regulations in the form of numerical, biological criteria
(Jacobson, 2000). The emphasis on benthic indices is appropriate because central to
the assessment of a systems viability or health is the quality of its benthic habitats
Fig. 4. Spatial distribution of sediment ﬁne fraction (<63 lm) in Sado Estuary.
588 S. Caeiro et al. / Marine Environmental Research 60 (2005) 570–593and the communities they support (Diaz et al., 2003). Also they could be very helpful
for estuarine quality compliance, namely according to European Water Framework
Directive (2000/60/EC). Benthic indices are usually statistically robust, biologically
meaningful and very cost eﬀective (Roberts, Gregory, & Foster, 1998). Despite their
limitations, they have been proven to be valuable tools for assessing sediment quality
in a variety of estuarine habitats (Engle & Summers, 1999).
Researchers are working towards a better understanding and management of
environmental quality in estuaries using benthic community and biological indica-
tors for estimation of the sediment condition, thus moving away from the use of tra-
ditional physical/chemical indicators. But the weakness of most of the benthic
studies is the need for large databases and benthic community data that are very time
consuming to develop and have often been criticized (Olsgard, Somerﬁeld, & Carr,
1997). Several studies are exploring easier and less time consuming ways to analyze
the benthic community structure for pollution assessment, such as the use of: (i)
acoustic and optical imaging, like side scan sonar images, multibeam echosounders
or sediment proﬁle images (e.g. Nilsson & Rosenberg, 1997; Degraer et al., 2002;
Santoro, Tonielli, & Simioli, 2002); (ii) lower levels of taxonomic discrimination re-
quired to detect pollution: (e.g. Warwick, 1988; Olsgard et al., 1997; Drake, Baldo´,
Sa´enz, & Arias, 1999), and (iii) trophodynamic groups classiﬁcation (e.g. Mucha &
Costa, 1999).
S. Caeiro et al. / Marine Environmental Research 60 (2005) 570–593 589In this paper, we presented an index methodology to predict the occurrence of
macrobenthic communities, using physical and chemical variables such as sediment
type, organic matter, depth and hydrodynamic parameters. This permits one to pre-
dict the occurrence of benthic biotopes at unsampled locations in a cost-eﬀective
way. The index shows that the distribution of benthos in the Sado Estuary is char-
acterized at the entrance of the estuary by marine and transition communities, undis-
turbed and with high species richness. The transition region spreads over a large area
through the Southern Channel. The more disturbed and organic enriched communi-
ties are found in the North Channel, near industrialized areas, and in a small area at
the entrance of A´guas de Moura Channel. Comparison with the benthic communi-
ties identiﬁed 20 years ago shows a decrease in communities belonging to the tran-
sition region while the estuarine and more disturbed communities have gained.
We want to emphasize that it would be inappropriate to apply this index to a set
of conditions that are not similar to the original data used for its development, and
no extrapolation should be conducted beyond the limits of the datasets used. Never-
theless further testing is needed, and the use of BIbio allowed an easy synthesis of the
ecological information required to visualize biotope gradients. Although this index
may not be directly applicable in other estuarine systems, the methodology can be
applied elsewhere.
The benthic index methodology for classifying habitats could be combined with
imaging techniques for bathymetric-sedimentological mapping. Remote-sensing al-
lows mapping the sediment substrate and calculate the physical and chemical sedi-
ment parameters strongly correlated with benthic habitat, such as depth, texture,
presence of dissolve oxygen, presence of gas voids or redox potential discontinuity.
Once the most appropriate imaging technique for estuaries have been selected these
data can be used in a discriminant model, instead or in addition to time consuming
ﬁeld sampling. Those techniques statistically assess diﬀerences in benthic habitat and
have already been used in estuarine benthic studies (e.g. Diaz et al., 2003).Fig. 5. Frequency distributions of the biotope types found in 1986 and the ones predicted in 2000/2001.
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